Dynamic Expression oflunatic fringeSuggests a Link betweennotchSignaling and an Autonomous Cellular Oscillator Driving Somite Segmentation  by Aulehla, Alexander & Johnson, Randy L.
L
C
f
c
w
f
l
l
l
T
s
G
r
c
s
b
p
e
a
f
aDynamic Expression of lunatic fringe Suggests a
ink between notch Signaling and an Autonomous
ellular Oscillator Driving Somite Segmentation
Alexander Aulehla* and Randy L. Johnson*,†
*Department of Biochemistry and Molecular Biology and †Program in Genes and
Development, University of Texas, M.D. Anderson Cancer Center, Houston, Texas 77030
The metameric organization of the vertebrate trunk is a characteristic feature of all members of this phylum. The origin of
this metamerism can be traced to the division of paraxial mesoderm into individual units, termed somites, during
embryonic development. Despite the identification of somites as the first overt sign of segmentation in vertebrates well over
100 years ago, the mechanism(s) underlying somite formation remain poorly understood. Recently, however, several genes
have been identified which play prominent roles in orchestrating segmentation, including the novel secreted factor lunatic
ringe. To gain further insight into the mechanism by which lunatic fringe controls somite development, we have
onducted a thorough analysis of lunatic fringe expression in the unsegmented paraxial mesoderm of chick embryos. Here
e report that lunatic fringe is expressed predominantly in somite 2II, where somite I corresponds to the most recently
ormed somite and somite 2I corresponds to the group of cells which will form the next somite. In addition, we show that
unatic fringe is expressed in a highly dynamic manner in the chick segmental plate prior to somite formation and that
unatic fringe expression cycles autonomously with a periodicity of somite formation. Moreover, the murine ortholog of
unatic fringe undergoes a similar cycling expression pattern in the presomitic mesoderm of somite stage mouse embryos.
he demonstration of a dynamic periodic expression pattern suggests that lunatic fringe may function to integrate notch
ignaling to a cellular oscillator controlling somite segmentation. © 1999 Academic PressINTRODUCTION
Somite formation begins at the cranial end of the
unsegmented paraxial mesoderm (also known as the
segmental plate or presomitic mesoderm) where a dis-
crete group of cells undergo a coordinated mesenchymal
to epithelial transition forming a spherical ball of cells,
the epithelial somite (Keynes and Stern, 1988; Tam and
Trainor, 1994; Yamaguchi, 1997; Christ et al., 1998;
ossler and Hrabe de Angelis, 1998). This process is
epeated until all somites are formed, about 50 in the
hick and 65 in mice. A constant number of prospective
omites is maintained within the presomitic mesoderm
y the addition of cells to the caudal end of the segmental
late. These cells derive from the primitive streak at
arly stages and from the tail bud at later stages. Shortly
fter epithelialization, the somitic mesoderm undergoes0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.keletal muscle, and dermal layer of the skin, respec-
ively. The metameric arrangement of these tissues, most
bvious for the axial skeleton, is achieved by the initial
ivision of the paraxial mesoderm into somites.
A fundamental question in vertebrate pattern forma-
ion is how are cells of the segmental plate divided into
iscrete somite units? Stereoscanning electron micros-
opy reveals that cells of the segmental plate are orga-
ized into a prepattern of repeating units, termed somi-
omeres, roughly corresponding to the size of a single
omite (Meier, 1979; Jacobson, 1988). However, single
ell labeling indicates that cells of the segmental plate
an contribute to more than one somite, suggesting that
he somitomeric prepattern does not prohibit mixing
etween prospective somites (Stern et al., 1988). Irrespec-
tive of when segmentation of the paraxial mesoderm is
determined, several lines of evidence suggest that itKey Words: lunatic fringe; somitogenesis; cellular oscillator.
urther differentiation into the sclerotome, myotome,
nd dermatome, the precursors of the axial skeleton,
s
t
o
d
t
d
c
n
t
s
c
c
t
b
occurs by intrinsic mechanisms. For example, somites
can form from isolated segmental plate explants, demon-
Developmental Biology 207, 49–61 (1999)
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50 Aulehla and Johnsonstrating that continuous tissue interactions between the
segmental plate and surrounding tissues are dispensable
for somite formation (reviewed in Gossler and Hrabe de
Angelis, 1998). Furthermore, anterior–posterior reversal
of the segmental plate results in the formation of somites
in an inverted rostral-to-caudal progression in the re-
versed segmental plate tissue (Christ et al., 1974). Hence,
he directionality of somite formation is likewise an
ntrinsic property of the paraxial mesoderm.
Several models have been proposed which attempt to
ccount for this regular formation of somites by cell-
utonomous mechanisms. The clock and wavefront
odel postulates the existence of an intrinsic clock in
ells of the paraxial mesoderm (Cooke and Zeeman,
976). According to this model, the clock controls the
scillation of segmental plate cells between permissive
nd nonpermissive states with respect to somite forma-
ion. Somite formation occurs when a wavefront of
ifferentiation progressing at a constant rate from rostral
o caudal intersects with permissive cells at the rostral
nd of the segmental plate. The size of the segmental unit
s then specified by a combination of the smooth wave-
ront progression rate and the periodicity of the clock. An
lternative model suggests that segmental plate cells are
rganized into somite-sized units by a mechanism which
s linked to the cell cycle (reviewed in Gossler and Hrabe
e Angelis, 1998). This model is based on results of
eat-shock experiments with chick embryos: a single
eat shock causes repeated somite anomalies (Primmett
t al., 1988, 1989), which are separated by an interval
quivalent to one cell cycle (approximately 9.5 h or a
istance of six to seven somites). The mechanism by
hich a 9.5-h cell cycle could be coupled to a 90-min (in
he chick) somite formation cycle is not clear. A third
odel (Meinhardt, 1986) postulates that the unseg-
ented paraxial mesoderm oscillates between different
ell identities and that the confrontation of different cell
tates leads to border formation. The size of each somite
nit is set by a reaction– diffusion mechanism and the
iming of somite formation is regulated by a counting
echanism in which cells passing through the segmental
late are able to sense and record the number of cycles
hey have undergone. According to this model, somite
ormation initiates after a fixed number of cycles (12 in
he chick). Although these models differ in how the
egular spacing of somites is achieved, they share the
otion of an autonomous cellular oscillator within the
egmental plate.
The first molecular evidence for an intrinsic clock oper-
ting in the avian segmental plate has been obtained re-
ently by the discovery of the dynamic expression pattern
f the hairy related gene c-hairy1. The expression of
-hairy1 cycles with a periodicity of somite formation and
t is an inherent property of the cells in the segmental plate
Palmeirim et al., 1997). However, despite its intriguing
expression pattern, several important issues remain unre-
solved. First, the function of c-hairy1 has not been explored
Copyright © 1999 by Academic Press. All rightthrough either gain- or loss-of-function approaches, so its
requirement for the segmentation process remains un-
known. Second, it is not known if the cycling behavior of
c-hairy1 is unique or whether other cDNAs might display
similar dynamic expression patterns in avian and other
vertebrate embryos. The identification of additional cycling
cDNAs would provide novel insights into mechanisms
controlling segmentation and/or aid in the identification of
genes which interact with c-hairy1 to regulate segmenta-
tion.
One group of genes which might act together with
c-hairy1 to regulate somite segmentation are those which
participate in notch signaling (reviewed in Artavanis-
Tsakonas et al., 1995; Gridley, 1997), including the trans-
membrane receptor notch-1, its ligands delta-1 and delta-3,
the transcription factor RBPJ-kappa, a multipass trans-
membrane protein presenilin-1, and the secreted protein
lunatic fringe. Mutations in each of these genes affect the
regular spacing of somites indicating an essential role for
notch signaling in segment formation and/or maintenance
(Swiatek et al., 1994; Conlon et al., 1995; Oka et al., 1995;
Hrabe de Angelis et al., 1997; Shen et al., 1997; Wong et al.,
1997; Evrard et al., 1998; Kusumi et al., 1998; Zhang and
Gridley, 1998). Among these genes, lunatic fringe is unique
in that its expression pattern is localized to discrete bands
within the unsegmented paraxial mesoderm, while other
notch pathway members are uniformly expressed through-
out most of the segmental plate. lunatic fringe (Cohen et
al., 1997; Johnston et al., 1997; Laufer et al., 1997) encodes
a secreted protein with significant similarity to the Dro-
sophila gene fringe (Irvine and Wieschaus, 1994) which
functions to modulate notch signaling at the presumptive
wing margin (Pannin et al., 1997). These observations have
led to the speculation that lunatic fringe might function to
localize notch signaling to discrete domains within the
unsegmented paraxial mesoderm. According to this model,
the absence of functional lunatic fringe protein leads to a
deficiency in notch signaling and subsequently to segmen-
tation defects.
Here we report that lunatic fringe exhibits a dynamic
cyclical pattern of expression in the avian and murine
unsegmented paraxial mesoderm similar to that reported
for c-hairy1. Our detailed analysis of the expression of
lunatic fringe in the avian segmental plate indicates that
there are three distinct spatiotemporal phases of lunatic
fringe expression and that these phases are repeated to-
gether with a periodicity equal to that of somite formation.
Direct comparison of lunatic fringe and c-hairy1 expression
patterns indicates that they share similar spatial and tem-
poral dynamics suggesting that either they respond to the
same intrinsic signaling mechanism or their expression is
codependent. Taken together, our studies suggest that lu-
natic fringe may serve as a link between the notch signaling
pathway and an autonomous cellular oscillator driving
somite segmentation.
s of reproduction in any form reserved.
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51lunatic fringe Expression, notch Signaling, and Somite SegmentationMATERIALS AND METHODS
Somite Staging
Somites were staged according to Ordahl (1993) and Christ and
Ordahl (1995). The last formed somite is designated somite I and
more mature (anterior) somites are designated II, III, and so forth.
Presumptive somites are termed 2I, 2II, 2III from anterior to
posterior so that the next somite to form is called somite 2I.
Chick Embryos
Fertilized white leghorn chicken eggs were purchased from
SPAFAS, Inc. (Norwich, CT). Embryos were incubated at 37°C in a
humidified atmosphere and staged according to Hamburger and
Hamilton (1951).
In Situ Hybridization and Sectioning
Non-radioactive whole-mount in situ hybridization was per-
formed as described (Riddle et al., 1993). Clone cFr8 was used as
template for chick lunatic fringe in situ hybridization probes
(Laufer et al., 1997). Clone MFR1 (Evrard et al., 1998) was used as
template for mouse lunatic fringe hybridization probes. The
c-hairy1 probe is described in Palmeirim et al. (1997). To facilitate
detection of c-hairy1, the hybridization temperature was reduced
to 66°C and the temperature of posthybridization washes was
reduced accordingly. The color reaction was extended to 12–24 h.
Alternatively, the color reaction was stopped after 6–12 h and
embryos were fixed in 4% paraformaldehyde/0.2% glutaraldehyde
and incubated again with anti-DIG antibody. For the second color
reaction, the same substrates were used (NBT/BCIP). After whole-
mount in situ hybridization, selected embryos were prepared for
cryosectioning by dehydrating in 30% sucrose. Embryos were
embedded in OCT or in a mixture of 7.5% gelatin/15% sucrose
(Sechrichst and Marcelle, 1996) and frozen in liquid nitrogen, and
25- to 30-mm sections were cut using a Leitz cryomicrotome.
Chick Explants
Chick explant experiments were performed essentially as de-
scribed previously (Palmeirim et al., 1997). Embryos ranging from
st. 11 to st. 16 were removed from the eggs and placed in plastic
culture dishes containing a 2-mm layer of agarose (Ordahl and
Christ, 1997). Using tungsten needles the embryos were bisected
along the midline. In some cases, one side was further divided into
a cranial and a caudal half. The resulting embryo halves were
cultured separately on polycarbonate filters (0.8 mm, Millipore) in
ishes containing DMEM (Gibco), supplemented with 10% fetal
ovine serum, 2% chicken serum, and penicillin/streptomycin (50
U/ml, 50 mg/ml). After incubating for 20–130 min, the embryo
FIG. 1. Overview of lunatic fringe expression. Whole-mount in si
robe. All embryos are shown from the dorsal side and rostral is t
omains caudal to Hensen’s node, centered around the embryonic
araxial mesoderm (rostral to Hensen’s node) and to ingressing m
xpression is detected in the unsegmented paraxial mesoderm. (D and
unatic fringe is seen in the rostral segmental plate and in newly forme
Copyright © 1999 by Academic Press. All righthalves were fixed in 4% paraformaldehyde in PBS and processed for
whole-mount in situ hybridization.
Isolation of Segmental Plates
Embryos were prepared as described above. For removal of
surrounding tissues from segmental plates, calcium-free Locke
solution was used. Using fine tungsten needles, ectoderm,
endoderm, lateral plate mesoderm, neural tube, and notochord
were removed. Segmental plates and control sides were cultured as
described above and processed for whole-mount in situ hybridiza-
tion.
Grafting Experiments
Segmental plate grafts were performed as described (Packard et
al., 1993). Donor embryos (st. 11–12) were treated with 0.25%
trypsin in calcium-free Locke solution and the enzymatic digestion
was stopped by washing the embryos in whole-egg supernatant
(Packard and Jacobson, 1976) followed by several rinses in Locke
solution. Ectoderm was peeled off and the segmental plate was
isolated from all surrounding tissues. The tail bud region was also
removed. The isolated segmental plates were kept in 2% serum/
Locke solution during the preparation of the host embryos. Host
embryos (st. 11–12) were prepared as for the donor embryos. After
removal of the tail bud region, the host segmental plate was
inserted maintaining the original cranial–caudal direction and
covered by ectoderm. Host and donor embryos were transferred to
a 35-mm culture dish containing a nutritive agar/yolk substratum
(Packard and Jacobson, 1976). After a 5-h incubation, the embryos
were fixed in 4% paraformaldehyde and processed for whole-mount
in situ hybridization.
Mouse Explants
The posterior part of mouse embryos at 9.5 dpc was bisected
along the midline using fine tungsten needles. The culture protocol
was obtained from Kristen Correia and Ron Conlon (personal
communication). In brief, embryo halves were incubated in hang-
ing drops, in DMEM/F12 medium, supplemented with 10% fetal
bovine serum. The embryo halves were cultured at 37°C, 5% CO2
for various periods and then processed for whole-mount in situ
hybridization.
RESULTS
Overview of lunatic fringe Expression in the Chick
Segmental Plate
To determine the expression pattern of lunatic fringe
in the avian segmental plate, embryos ranging from
bridization of st. 4–st. 20 embryos using a lunatic fringe antisense
left. (A) St. 4 embryo showing expression in two diffuse epiblast
line. (B) At st. 6, expression is localized to a small domain of the
erm (caudal to Hensen’s node). (C) St. 7 embryo. lunatic fringetu hy
o the
mid
esodE) Expression is seen in the rostral segmental plate. (F) At st. 20
d somites.
s of reproduction in any form reserved.
52 Aulehla and JohnsonFIG. 2. Localization of lunatic fringe transcripts to specific presomitic domains. (A) Transverse section through a st. 4 embryo at the level of
the anterior primitive streak. Staining is localized to the epiblast (ep) and is not seen in the endoderm (en) or mesoderm (mes) at this stage. (B)
Parasagittal section through the embryo shown in Fig. 1B lateral to Hensen’s node (hn). Rostral to Hensen’s node lunatic fringe expression is
confined to the mesodermal layer. The staining caudal to Hensen’s node corresponds to young mesodermal cells during and after their ingression
through the anterior primitive streak. (C) Transverse section of a st. 14 embryo at the level of the lunatic fringe expression domain in the
segmental plate (sp). The staining is sharply confined to the paraxial mesoderm. (D) Parasagittal section of a st. 14 embryo through the paraxial
mesoderm. lunatic fringe is predominantly expressed at somite level 2II. T
(I) and segmental plate (2I, 2II). Somites were staged according to Ordahl
Copyright © 1999 by Academic Press. All righthe black arrowhead indicates the border between last formed somite
(1993) and Christ and Ordahl (1995).
s of reproduction in any form reserved.
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54 Aulehla and Johnsonpresomite stages (stage 4) to limb bud stages (stage 22)
were processed for in situ hybridization using a lunatic
fringe antisense probe. Whole-mount specimens are
shown in Fig. 1 and representative sections of these
embryos are shown in Fig. 2. At the definitive streak
stage (stage 4, Figs. 1A and 2A), lunatic fringe message is
ound in two diffuse epiblast domains caudal to Hensen’s
ode and centered around the embryonic midline which
verlap with the presumptive paraxial mesoderm (Psy-
hoyos and Stern, 1996). Just prior to the formation of the
rst somite at stage 6 (Fig. 1B) two regions of lunatic
ringe are seen: a small discrete rostral domain corre-
ponding to paraxial mesoderm and a more diffuse caudal
omain representing presumptive paraxial mesoderm
Fig. 2B). After the formation of the first somite at stage 7
nd subsequently through stage 22 (Figs. 1C–1F and data
ot shown) lunatic fringe message is present at high
evels in the rostral segmental plate in accord with the
hole-mount data at stage 15 presented by Sakamoto et
l. (1997). To determine the exact location of this expres-
ion domain within the presomitic mesoderm and rela-
ive to the newly formed somite, representative embryos
ere sectioned along transverse and parasagittal planes
Figs. 2C and 2D and data not shown). From this analysis,
t is apparent that lunatic fringe expression is present at
ighest levels throughout somite 2II (see Materials and
ethods for somite nomenclature), although lower levels
FIG. 3. lunatic fringe expression patterns in the segmental plate
ybridization of st. 14–15 embryos depicting segmental plate expr
ormed somite (I) and the segmental plate (2I, 2II, 2III). (A) lunatic
and at the level of somite 2II. This expression pattern is termed ph
omain can be seen in the posterior segmental plate (phase II). (C)
pproximately one somite width are detectable in the rostral segm
xpression predominantly during phase III.
IG. 4. lunatic fringe mRNA cycles in the segmental plate of c
nterconversion of phases I, II, and III (A–C) and the completion
mmediately, and right halves were cultured for the indicated time
in of incubation a posterior expression domain (black arrow) deve
(left half) into phase II (right half). (B) The posterior expression dom
uring an incubation period of 48 min (right half). Thus, phase II
urned on in the tail bud during this incubation period. (C) Finally
attern. Two strong expression domains are present in the rostral s
phase III). After a culture period of 60 min only a single band of ex
mbryo. (D) Both control and cultured halves show very similar exp
alf of the embryo during the culture period of 95 min (black arrow
t the time of fixation, and white arrowhead points at the new
xperiments showing the changes of expression patterns within o
ultured for indicated times. (E) Both halves are in phase I. The ex
he cultured half during the progression through phase I (culture p
eriod of 21 min, the posterior expression domain detectable after
right). (G–K) lunatic fringe expression is shown in whole mount (G
) of the same embryo. Black arrow (G, I) and white arrow (G, K) i
G) Both halves are in phase III; the more caudally located expressi
) No somite is visible immediately adjacent to the anterior expressi
f boxed area in H. (J, K) A new somite formed during the culture perio
rrow). (K) Higher magnification of boxed area in J.
Copyright © 1999 by Academic Press. All rightan often be detected in somite 2I. Embryos from stage
9 exhibit additional expression within the prospective
ermomyotome of newly formed somites (Fig. 1F and
ata not shown).
When examining a large number of similarly staged
mbryos (n 5 41, st. 11–st. 16) the expression of lunatic
ringe in the segmental plate showed a high degree of
ariability. Even in embryos of similar age, different
xpression patterns could be observed (Fig. 3). Based on
he location of lunatic fringe transcripts in the rostral and
audal segmental plate, the embryos were grouped into
hree distinct classes. The majority of embryos (class 1,
9/41, 46%) showed only a single predominant band of
unatic fringe expression in somite 2II (Fig. 3A). Approxi-
ately 25% (class 2, 10/41) of embryos had an additional
eaker broad posterior domain of expression (Fig. 3B).
he remaining embryos (class 3, 12/41, approximately
5%) showed two bands of expression in the rostral
egmental plate separated by a small nonexpressing re-
ion (Fig. 3C). The faint rostral band corresponds to a
ortion of somite 2II and the intense caudal band corre-
ponds to somite 2IV, although its width varies from
mbryo to embryo. In addition, some embryos from each
hase express lunatic fringe in the tail bud, although
t is most consistently observed during phase III
Fig. 3C).
be divided into three distinct phases. (A–C). Whole-mount in situ
n patterns. Black arrowheads indicate the border between the last
e expression can be detected as an approximately one-somite-width
(B) In addition to the expression in somite 2II, a weaker expression
expression domains separated by a small nonexpressing region of
plate (phase III). In addition, the tail bud (tb) shows lunatic fringe
embryos. Representative embryo explant experiments show the
full cycle (D). After dissection the left embryo halves were fixed
re fixation and whole-mount in situ hybridization. (A) During 40
in the incubated right half, indicating the transformation of phase
haracteristic for phase II (left half) is increasing in size and intensity
verted into phase III. Additionally, lunatic fringe expression was
ase III expression pattern is transformed into a phase I expression
ntal plate (divided by a small nonexpressing region) in the left half
sion (phase I) is seen in the segmental plate of the right half of the
on (phase III), except that one additional somite formed in the right
d points at the boundary between last somite and segmental plate
ndary formed during the culture period). (E–K) Embryo explant
hase. Left halves were fixed immediately, and right halves were
ion seen in the tail bud (tb) at the time of fixation is turned off in
, 36 min). (F) Both halves are in phase II. During the short culture
ediate fixation (left) expanded rostrally and increased in intensity
d sagittal cryosections through the left half (H, I) and right half (J,
te same expression domains in the whole mount and cryosection.
dvanced slightly cranially during the culture period of 23 min. (H,
main (black arrow) in the uncultured half. (I) Higher magnificationcan
essio
fring
ase I.
Two
ental
hick
of a
befo
loped
ain c
is con
, ph
egme
pres
ressi
hea
bou
ne p
press
eriod
imm
) an
ndica
on a
on dod and is visible adjacent to the anterior expression domain (white
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55lunatic fringe Expression, notch Signaling, and Somite Segmentationlunatic fringe Expression in the Segmental Plate
Cycles with a Periodicity of Somite Formation
The variability of lunatic fringe expression, even in those
mbryos which have exactly the same number of somites,
ight be explained by the rapid interconversion of the three
hases of expression described above. The static visualiza-
ion of lunatic fringe transcripts in single embryos does not
permit a definition of a temporal relationship between
these expression patterns. To address this issue directly, we
performed a series of embryo culture experiments according
to the design and methods outlined in Palmeirim et al.
(1997). Briefly, embryos ranging from stage 11 to stage 16
were bisected along the midline, one half was fixed and
processed for whole-mount in situ hybridization immedi-
ately while the other half was cultured on polycarbonate
filters for various times before fixing and hybridizing. The
total number of somites was also recorded for each embryo
prior to and following incubation. To ensure that under our
culture conditions normal development occurs, both half
segmental plates were cultured for 120 min on separate
filters (n 5 3). In each case, the expression of both halves
as identical (data not shown) and a new somite was
ormed indicating that segmentation is not arrested in this
ulture system. After establishing the suitability of our
ulture conditions, single half embryos were cultured for
imes ranging from 20 to 130 min and the expression of
unatic fringe in cultured half embryos was compared to
hat of their corresponding uncultured halves (Fig. 4).
By conducting a large number of these culture experi-
ents (n 5 46) we have ordered the three phases of lunatic
ringe expression temporally with phase I interconverting
o phase II (Fig. 4A) and phase II into phase III (Fig. 4B). The
xpression patterns are cyclical in that we also observe the
nterconversion of phase III into phase I (Fig. 4C). Somite
ormation is only seen during phase III. However, since not
ll embryos initially in phase III formed a somite during the
ulturing period, phase III must include a period just prior
o and immediately following somite formation (also see
elow). When embryo half fragments were incubated for a
eriod of 95–100 min (Fig. 4D), the expressions seen on both
alves were nearly identical, with an additional somite
eing formed on the incubated side. Therefore, the three
hases of lunatic fringe expression constitute a cycle which
repeats with a periodicity of somite formation.
To more precisely define the dynamics of the expression
in the tail bud, the direction of apparent movement, and the
timing of somite formation, embryo halves were incubated
for relatively short time intervals (20–40 min, Figs. 4E and
4F). In Fig. 4E, the unincubated embryo half displays a
typical phase I expression in the rostral segmental plate, but
additionally has strong expression in the tail bud. After a
brief incubation (36 min) the tail bud expression disappears
while the rostral expression domain remains, although
somewhat reduced in intensity. Hence, tail bud expression
is extinguished during phase I. Figure 4F shows the initial
location and dynamics of the broad caudal domain charac-
Copyright © 1999 by Academic Press. All righteristic of phase II. The embryo half fixed prior to incuba-
ion displays a phase II expression domain with little or
eak tail bud expression. After incubation for 21 min, the
audal band of expression can be seen extending both
audally into the tail bud and rostrally toward the somites.
ence, the broad caudal expression domain in phase II
eems to expand both caudally and rostrally to give rise to
phase III expression pattern. In the embryo shown in Figs.
G–4K we have defined the time of somite formation.
uring a 23-min incubation period both embryo halves are
n phase III with the incubated half displaying a slightly
eaker rostral band and a slight anterior shift of the broad
audal band. A somite formed during this period as deter-
ined by visual inspection of the whole left- and right-half
mbryos and confirmed by examination of sections of these
mbryo halves (Figs. 4H–4K).
The duration of each phase can be calculated based on the
umber of embryos displaying each expression pattern.
ccording to our total data set (n 5 83 including both intact
and uncultured embryo halves) the duration of phase I is
approximately 45 min since 46% (38/83) of embryos show
this pattern of expression and the somite period is 90–100
min (90 min in vivo, 100 min for our culture conditions).
The durations of phases II and III appear to be approxi-
mately 25 min each since the phase II and phase III
expression patterns are observed with equivalent frequency.
Our data with cultured embryo halves are also consistent
with these calculated durations (Fig. 4 and data not shown).
lunatic fringe mRNA Cycling Is an Autonomous
Property of the Segmental Plate
In principle, the sequential activation of lunatic fringe
expression could result from interactions between cells
within the segmental plate or be an autonomous property of
segmental plate cells. For example, the dynamics of lunatic
fringe expression could result from a wave of activation
initiated in the caudal segmental plate and propagated in a
cell-contact-dependent mechanism. Alternatively, the dy-
namic expression of lunatic fringe may not require an intact
segmental plate, as has been shown for c-hairy1 (Palmeirim
et al., 1997). To evaluate this possibility, a series of experi-
ments analogous to those described in Palmeirim et al.
(1997) were conducted. Briefly, half embryo explants were
bisected into rostral and caudal halves prior to culturing of
the rostral half for 80–150 min. The expression of lunatic
fringe in these cultured embryo fragments was then com-
pared to that found in the cultured intact embryo halves
(n 5 8). In all cases (Figs. 5A and 5B and data not shown) the
expression pattern of lunatic fringe was very similar in the
half embryo fragments indicating that the posterior seg-
mental plate and tail bud are not required for cycling of
lunatic fringe expression. Importantly, some incubated seg-
mental plates had formed a somite during the incubation
period, indicating that both the progression of lunatic fringe
during a single cycle and its reinitiation following somite
formation do not require an intact segmental plate.
s of reproduction in any form reserved.
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FIG. 8. Model for dynamic regulation of lunatic fringe expression in the segmental plate of chick embryos. During most of phase I, lunatic
fringe expression in the segmental plate is only found at somite level 2II. This expression pattern persists for approximately 40–45 min.
After this time, a weak expression domain is initiated in the posterior segmental plate, while the strong 2II band is maintained (phase II).
This expression domain quickly expands, approaching the anterior end of the segmental plate. While the level of transcription is increasing
anteriorly, lunatic fringe expression is progressively lost from the caudal segmental plate, thereby converting phase II into phase III.
Furthermore, expression of lunatic fringe is initiated in the tail bud during or just prior to the phase II/phase III transition. When the
expression is becoming stabilized in somites 2II and 2IV (phase III before somite formation) somite formation occurs. As a result, the
anterior expression band becomes located at somite 2I, while the more posterior expression domain goes on to reestablish a stable 2II
expression band (phase III after somite formation). Shortly after a new 2II band is formed (early phase I), tail bud expression is lost leading
to a characteristic phase I expression pattern.
FIG. 5. lunatic fringe expression cycling is an intrinsic program of the segmental plate. (A, B) Embryos were cultured as in Fig. 4, except
that the posterior part was removed from the right embryo half. (A) 85-min incubation. Both halves show identical somite 2II expression
bands, indicating that the posterior part is not required for activation of lunatic fringe expression. (B) 150-min incubation. Both halves show
a phase III expression pattern and the dynamic expression at somite level 2IV is present in both halves. (C–E) Segmental plates were
removed from all surrounding tissues and both control half and isolated segmental plates were cultured for indicated time periods. (C) After
60 min of incubation, the expression is very similar between the control half and the isolated segmental plate (phase III). Two somites were
left attached to the segmental plate when isolated and no additional somite formed during the incubation. (D) The segmental plate together
with the last two formed somites was isolated. After a culture period of 130 min one additional somite formed (white arrow). The expression
of lunatic fringe is similar in both the control half and isolated segmental plate. (E) After a culture period of 150 min, the isolated segmental
plate shows a cranial and a more caudal expression domain (black arrow), which are separated by a small nonexpressing region. (F)
Segmental plate graft. Donor embryo is on the right, and host is on the left. The right segmental plate of the host was replaced by the right
segmental plate (plus one attached somite) of the donor (black arrow shows site of insertion). The observed lunatic fringe expression clearly
differs between the left and right segmental plate in the host embryo. While the host segmental plate (left) shows a phase II expression, the
grafted segmental plate (right) shows a phase III expression. Note that the distance between the two domains of expression is about one
somite size width in the grafted segmental plate (phase III), but about four somite size width in the host segmental plate (phase II). Also note
the increased intensity of expression in the more posterior domain in the grafted segmental plate, which is characteristic for phase III.
FIG. 6. Comparison of lunatic fringe and c-hairy1. Embryo halves were hybridized separately with lunatic fringe (left half) or c-hairy1
(right half). Black arrowheads indicate boundary between last formed somite and segmental plate. (A–C) The expression of both genes
overlaps during all phases. (A) Phase I. (B) Phase II. Note that the rostral expression domain of c-hairy1 extends slightly more rostrally into
somite 2I. (C) Phase III.
FIG. 7. lunatic fringe mRNA cycles in the presomitic mesoderm of mouse embryos. Embryo halves were fixed immediately (left half) or
cultured for indicated times (right half). (A) The right half was cultured for 65 min. The expression in both halves clearly differs, with a broad
posterior expression being established during the culture period (right half). (B) The left half shows two expressions domains. Rostrally two
confined bands are visible, and caudally a broad expression is present in the presomitic mesoderm. After culturing the right half for 70 min,
this broad posterior expression domain is transformed into a more rostrally localized expression domain. (C) After an incubation period of
125 min, both halves show very similar expression patterns, with only one expression domain in the rostral presomitic mesoderm.
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To address whether interactions with surrounding tis-
sues, for example the neural tube or notochord, might
influence lunatic fringe expression within the rostral seg-
mental plate mesoderm, we performed a series of modified
culture experiments. In these experiments, one segmental
plate was isolated from all surrounding tissues and cultured
along with the control half embryo for various times (n 5
18, 40–150 min). Most embryos showed identical or very
similar expression patterns in isolated segmental plates and
intact control sides (1618) indicating that the dynamic expres-
sion of lunatic fringe is not affected when surrounding
tissues are removed (Figs. 5C–5E). In some cases, upon
extended incubation, a new 2II band is established and a
new posterior expression domain can be initiated in the
isolated segmental plate (Figs. 5D and 5E). This suggests
that continuous interactions with surrounding tissues are
dispensable for both the progression and initiation of cy-
cling lunatic fringe expression.
The experiments described above indicate that removal
of external influences does not affect the dynamics of
lunatic fringe expression, but do not address whether ap-
propriate external influences might be able to modulate the
expression pattern of lunatic fringe. Of relevance is the
observation that when quail segmental plate tissue is trans-
planted to chick embryos the size of somites formed adjusts
to that of the chick host suggesting that this segmentation
property can be influenced by tissue interactions (Packard
et al., 1993). To determine whether transplantation of
segmental plate tissue from one embryo to another might
alter the expression pattern of lunatic fringe, we examined
the expression of lunatic fringe in transplanted segmental
plates and compared that expression pattern to both the
host and donor segmental plates (n 5 2). In both cases, the
transplanted segmental plate displayed an expression pat-
tern corresponding almost exactly to the donor segmental
plate, even though up to four somites had formed during the
incubation period (Fig. 5F).
lunatic fringe and c-hairy1 Display Similar
Expression Patterns
The expression patterns described above for lunatic fringe
exhibit great similarity to those reported for c-hairy1
(Palmeirim et al., 1997). To evaluate the spatial relationship
between lunatic fringe and c-hairy1 mRNA within the
segmental plate, we compared the expression pattern of
lunatic fringe and c-hairy1 in single embryos by bisecting
along the midline and processing the two embryo halves
separately for each probe (n 5 14, Fig. 6). The results of
these experiments indicate that lunatic fringe and c-hairy1
messages are nearly coincident within the segmental plate
for each of the phases described above. When in phase I,
both genes show a single band of expression in the segmen-
tal plate with c-hairy1 extending rostrally into the posterior
part of somite 2I (Fig. 6A; cf. Palmeirim et al., 1997).
lunatic fringe and c-hairy1 expression patterns are likewise
near-coincident within the segmental plate during phases II
and III (Figs. 6B and 6C). Unlike c-hairy1, lunatic fringe
expression is maintained in the rostral, not caudal half
somite. It is worth noting that c-hairy1 seems to be ex-
pressed at a much lower level than lunatic fringe, since
staining times for c-hairy1 greatly exceed those for lunatic
fringe (see Materials and Methods).
lunatic fringe Cycles in the Presomitic Mesoderm
of Mouse Embryos
As with the expression of lunatic fringe in the avian
segmental plate, the murine ortholog exhibits a high degree
of variability in the mouse presomitic mesoderm (Cohen et
al., 1997; Johnston et al., 1997; Evrard et al., 1998). To
evaluate whether this variability is caused by a rapid
interconversion of dynamic expression patterns, we per-
formed embryo culture experiments (n 5 16) analogous to
those described above for the chick segmental plate. Mouse
embryos at 9.5 dpc were separated along the posterior
midline and one half embryo piece was fixed immediately
and the other half was cultured for various times (30–135
min). In most cases, the unincubated and incubated halves
show distinct patterns of lunatic fringe transcripts. For
example, the uncultured left half of embryo in Fig. 7A
shows two bands of fringe expression in the rostral pre-
somitic mesoderm. The more anterior fainter band is local-
ized to somite 2II (confirmed by cryosection, data not
shown). During a culture period of 65 min, an additional
posterior expression domain developed, demonstrating that
dynamic changes of lunatic fringe expression occur within
a single embryo. The transformation of the posterior expres-
sion domain into a more narrow anterior band is shown in
Fig. 7B. While the uncultured half embryo shows two
rostral bands and an additional broad posterior expression
domain, this domain shifts anteriorly and coalesces after an
incubation period of 70 min. Finally, the same expression
patterns can be seen before and after incubation for 125 min
(Fig. 7C). This time is on par with the rate of somite
formation in 9.5 dpc murine embryos (90–120 min; Tam,
1981). Therefore, combining our in vitro observations, the
expression pattern of lunatic fringe in the presomitic me-
soderm of murine embryos constitutes a cycle of expression
similar to that observed in avian segmental plate.
DISCUSSION
In this report, we have detailed the expression of lunatic
fringe in the avian segmental plate and defined three
dynamic phases of expression which interconvert with a
periodicity equal to that of somite formation. Our results
are summarized schematically in Fig. 8. The phase I expres-
sion pattern is characterized by localized expression of
lunatic fringe in somite 2II. During phase II, a weak band of
expression develops in the caudal segmental plate and the
strong rostral 2II band is maintained. During the phase II to
phase III transition, the posterior band of lunatic fringe
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expression appears to progress in a caudal to rostral direc-
tion. Also evident during phase III is a transient expression
of lunatic fringe in the tail bud. Since weak lunatic fringe
expression in the segmental plate is observed during phase
II, prior to any expression in the tail bud, we can conclude
that lunatic fringe expression does not initiate in the tail
bud and then spread anteriorly. A refinement of the broad
caudal expression domain of lunatic fringe in the segmental
plate continues during phase III so that shortly after somite
formation a stable 2II band is reestablished. At the same
time, the rostral-most band of lunatic fringe expression is
lost resulting in a phase I pattern. This cycle of lunatic
fringe expression repeats approximately once every 90 min
in ovo (95–100 min under our culture conditions), the
period of time required to make a single somite. Impor-
tantly, the duration of each phase is not equally distributed
throughout the somite cycle: phase I occupies half of the
cycle (approximately 45 min), while phases II and III each
occupy one quarter of the cycle (approximately 25 min).
The dynamic pattern and autonomy of lunatic fringe
expression in the segmental plate is reminiscent of that
reported for c-hairy1 (Palmeirim et al., 1997). However, the
three phases of c-hairy1 expression outlined by Palmeirim
et al. have equal durations while those we have described
for lunatic fringe clearly do not. This disparity may suggest
that lunatic fringe and c-hairy1 are expressed with distinct
kinetics within the segmental plate; however, direct com-
parison of c-hairy1 and lunatic fringe transcripts shows that
their mRNAs display similar spatial and temporal dynam-
ics. Most likely, differences in the duration of each phase
stem from the criteria used to define each phase or from the
methods used to process embryos for whole-mount in situ
hybridization.
In principle, the dynamic pattern of lunatic fringe expres-
sion within the segmental plate could be achieved through
differential transcription or differential stability of lunatic
fringe mRNA. At present, the relative contributions of de
novo transcription and stability are not known. However,
the similarity of c-hairy1 and lunatic fringe expression
patterns might suggest that c-hairy1 controls transcription
of lunatic fringe, at least in the segmental plate. That
c-hairy1 has features common with known bHLH tran-
scriptional regulators (Palmeirim et al., 1997) is consistent
with this possibility. A direct regulation of c-hairy1 by
lunatic fringe is unlikely since lunatic fringe encodes a
secreted protein with similarity to glycosyltransferases
(Yuan et al., 1997). However, indirect modulation of
c-hairy1 by lunatic fringe is an attractive possibility since
lunatic fringe is known to modulate notch signaling (Evrard
et al., 1998) and c-hairy1 is a member of the hairy/enhancer
of split family bHLH genes, known transcriptional targets
of notch signaling in flies and invertebrates (Gridley, 1997;
Greenwald, 1998). If lunatic fringe modulates c-hairy1
expression, it would have to do so without new protein
synthesis as this is not required for c-hairy1 expression in
the segmental plate (Palmeirim et al., 1997). A third possi-
bility is that expression of c-hairy1 and lunatic fringe is
controlled by common trans-acting regulatory factors. Ma-
nipulation of c-hairy1 and lunatic fringe expression in the
segmental plate will aid in distinguishing these possibili-
ties.
The demonstration of a cycling behavior for lunatic
fringe message in both chick and murine embryos suggests
a link between the notch signaling pathway, a key regulator
of somite segmentation, and an autonomous cellular oscil-
lator predicted by theoretical models. Several functional
consequences could be envisioned for such an integration.
For example, lunatic fringe may function to specify or
refine a somitomeric prepattern in the segmental plate
through localized modulation of notch signaling as sug-
gested by Jen et al. (1997). This could occur in conjunction
with feedback mechanisms which are a signature of notch
signaling in flies and worms (Kimble and Simpson, 1997;
Greenwald, 1998). A distinct function for lunatic fringe in a
counting mechanism could be envisioned if successive
cycles of lunatic fringe expression resulted in progressively
stronger notch signaling. If a threshold level of notch
signaling was required to trigger segmentation, lunatic
fringe would indirectly modulate this process. Finally, the
dynamic expression of lunatic fringe might be necessary to
localize lunatic fringe transcripts to somite 2II. It has been
proposed that juxtaposition of lunatic fringe expressing and
nonexpressing cells at the presumptive intersomitic bound-
ary (somite 2I/2II border) specifies the location of the
posterior border of each somite (Evrard et al., 1998). The
dynamic nature of the lunatic fringe expression pattern
could be functioning to ensure that a discrete, relatively
stable somite 2II expression boundary is formed at the
appropriate time and place during maturation of the unseg-
mented paraxial mesoderm. Whatever the precise function
of lunatic fringe, the results reported herein for a periodic
pattern of lunatic fringe mRNA in the avian segmental
plate and murine presomitic mesoderm focus attention on
notch signaling, modulated by fringe, as a possible key
component of the molecular mechanism which underlies
somite segmentation.
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